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Off-Axis Tensile Properties of CFRP Laminates and
Non-Linear Lamination Theory Based on Micromechanics Approach

Keiichiro TOHGO**, Kazutomo KAWAHARA and Yuji SUGIYAMA

** Department of Mechanical Engineering, Shizuoka University,
3-5-1 Johoku, Hamamatsu-shi, Shizuoka, 432-8561 Japan

This paper deals with the deformation and damage of CFRP cross-ply laminates under off-axis
tension and develops a non-linear lamination theory. Off-axis tensile tests were carried out on five
kinds of CFRP cross-ply laminates which were different in stacking lay-up. On the laminates under
off-axis tension, the stress-strain response shows the non-linear deformation, while the ply-cracking
damage is not remarkable except for the specimen with large fracture strain. Therefore, it is
concluded that the non-linear deformation of the laminates under off-axis tension is mainly attribut-
ed to the non-linear deformation of the matrix resin. In order to describe the deformation of the
laminates, a non-linear lamination theory is developed. An incremental constitutive relation of the
unidirectional composite containing elastic long fibers in the elastic-plastic matrix is derived based
on Eshelby’s equivalent inclusion method and Mori-Tanaka mean field concept. Then, this con-
stitutive relation is introduced into the classical lamination theory. Numerical results by the present
theory for off-axis tension of the CFRP unidirectional and cross—ply laminates well described the
experimental stress-strain relations.

Key Words: Laminated Composites, Off-Axis Tension, Stress-Strain Relation, Ply-Cracking
Damage, Non-Linear Lamination Theory, Micromechanics
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Table 1 Elastic moguli and fracture toughness of
unidirectional laminate

Elastic moduli
E,; =132 GPa E,, = 7.8 GPa
Gy = 40 GPa viz = 0.3

Fracture toughness for splitting
Gic = 250~300 J/m?

Subscripts "1" and "2" show the directions parallel
and perpendicular to the fibers, respectively

Tensile direction

Y
30°fiber
60°fiber 13,

X

30°ply

60°ply

Strain gauge

b

<21

Fig. 1 Off-axis tension of cross-ply ~ Fig. 2 Specimen configuration
(dimensions in mm)

laminate
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Fig. 3 Stress-strain relations of CFRP
cross-ply laminates
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Table 2 Tensile strength and fracture strain

. Tensie strength (MPa) Fracture strain (%)
Specimen
(0°/90%)  (30%/60) (0°/90%) (30°/60%)
2-6 ply 549.4 144.7 1.14 3.86
2-12 ply 544.4 121.8 1.25 1.68
2-18 ply 465.8 116.7 1.15 1.28
1-8 ply 771.8 162.1 1.12 4.70
6-14 ply 227.8 100.8 127 0.99
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Fig. 5 Ply-cracking density as a function of applied stress
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Fig.4 Evolution of ply-cracking damage
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Fig. 6 Strain components in non-linear deformation
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Fig. 7 Stress-starin relations obtained by numerical analysis
based on the ply-cracking damage theory
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Fig. 8 Stress-nonelastic strain relations of cross-ply
laminates under off-axis tension
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reinforced composite
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Fig. 11 An n-layered laminate
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Fig. 12 Comparison between experimental and numerical
stress-strain relations of CFRP unidirectional
laminate under off-axis tension
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Fig. 13 Numerical stress-strain relations of
CFRP cross-ply laminates
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Fig. 14 Numerical stress-strain relations of CFRP
cross-ply laminate (2-x ply) under off-axis tension
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Fig. 15 Numerical stress-strain relations of CFRP

quasi-isotropic laminates (0°/45°/-45°/90)sym
under off-axis tension
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